Abstract When a small generator is connected to the distribution system, the voltage at the point of interconnection is determined largely by the system and not the generator. This paper examines the effect on the generator, on the load voltage and on the distribution system of a number of voltage control strategies. Synchronous generators with three kinds of exciter control are considered, as well as induction generators and constant extinction angle inverters, with and without capacitor compensation. Operation with a constant slightly lagging power factor is shown to have some advantages.
It is possible to define the word distribution in a number of ways. For our present purposes the distribution system can be considered to be that part of the electric utility which delivers power to low voltage customers. Since the customers' equipment is almost always designed to operate within a fairly narrow range of voltage, it is important that the voltage at the customer terminals be tightly controlled. Indeed, there are regulations in effect which govern the variations allowed at the customer service.
Recent work in dispersed storage and generation (DSG) systems which would be connected to the distribution system has led to increased interest on the part of consumers and utility personnel in the operation of small generators in the distribution system. Small DSG systems are expected to operate in parallel with the distribution system, but without the benefit of a control system which is coordinated with the utility. Such a communication and control system would clearly be prohibitively expensive for small DSG.
It is usually assumed that the DSG, being small, will not noticeably affect the system. However, some generators have potential for voltage control (e.g. synchronous machines or ac/dc inverters) whereas other types of generation appear to have no potential for voltage control (e.g. the induction machine). This paper addresses the issue of the effect of these various generators on the voltage in the distribution system as load and generated power vary. The DSGs are assumed to operate without external communications. SYSTEM MODEL Distribution system design is concerned principally with delivering power to the customer with a more or less constant voltage as both his load and the other loads on the system vary. Although the various loads on any given feeder are usually independent, some degree of correlation does exist between them, so that periods of light load and periods of heavy load exist. To compensate for the increased volt drop, the sending end voltage is usually increased at times of heavy load.
The situation may be represented as in Figure 1 , which shows the voltage profile for a hypothetical line containing a small number of loads evenly distributed along it and fed by a small number of transformers. The approach used in this study was to simulate the system and the DSG on a computer. The DSGs were modelled fairly completely in terms of their steady state (single phase) representation, with loss terms included. In the case of the synchronous generators, the steady-state behavior of the exciter was used to relate the exciter voltage to the terminal parameter being used as feedback. Numerical techniques were used to determine the system equilibrium conditions. The number of variables, however, became extremely large and some simplification of the overall system was considered necessary.
The system was simplified by removing the effects of having a distributed load. Seen from the point of interconnection of the DSG, the system, even with a distributed load, would appear to be two branches in parallel. One would represent the load connected to the system, the other the parallel generator behind the transformer at the end of the distribution feeder. This would be true even if there were other DSGs on the feeder. This simplification resulted in the equivalent circuit shown in Figure 2 .
In Figure 2 Figure 2 ) and/or regulator equations of the type V1 = L-G(Vt -VREF) and V1 = K(Q -QRF). Table I shows typical applications. alternator). The induction machine was represented with and without capacitor compensation. Three kinds of linecommutated dc/ac inverters were modelled. In the simplest model the constant extinction angle control (C.E.A.) led to a reactive demand equal to 40% of the peak power of the PV array. This reactive demand decreased only slightly (to 30% peak power) at zero power output. The optimized inverter assumed the presence of a tap-change transformer, so that the react've demand was constant at 50% of the actual real power 1]. The compensated version was the same, with the addition of fixed capacitance.
Quite commonly a PV inverter is controlled so as to provide unity power factor at the terminals, but since this case was studied as a variation of the synchronous machine case, it was not duplicated for the self-commutated inverter.
Each of these eight cases was studied with variations in system voltage between 0.9 and 1.1 per unit (p.u.) and with variations of input power between 0.02 and 0.2 p.u. (the DSG was sized at 20% of the rating of the distribution system transformer, as this was considered to be a fairly large fraction of the total power). Cases of heavy load (0.8 + jO.6 at rated voltage) and light load (0.08 + jO.06) were considered. In addition, two values of system impedance were considered, 0.04 + jO.l and -0.02 + jO.05 per unit 2, representing transformer reactance and distribution line resistance and reactance. Only the results for the higher value of system impedance are presented here. Results for the lower value are very similar. For all of these combinations the load was modelled both as fixed impedance and voltage-dependent impedance, with power factor of 0.8. The results of these computer programs comprise many pages of tabulated data which can be found in Reference 3.
RESULTS
While the voltage changes due to the addition of the DSGs are small and may, at first glance, seem negligible, it should be borne in mind that the impacts are better compared with one another than with any absolute standard. On this system and with this load, the DSGs had a certain impact. On another system with a different load, the impact will be different -but the relative impact is likely to be similar.
In considering how to analyze the results of the computer programs, it was found useful to regard the owner of the DSG as separate from the utility. The DSG owner isconcerned with operating his generator at high efficiency because he wishes to maximize the return on his investment by displacing purchases from the utility or by selling to the utility, or both. The utility, on the other hand, is concerned with operating the distribution system at high efficiency. They too receive revenue for the real power delivered to the customer and, in addition, theirs is the responsibility for maintaining voltage at service points within limits.
One possibility is that the utility will require the owner of a synchronous generator to operate it so as to control the terminal voltage and hold that voltage constant. In the case presented here the control system was set to give unity power factor operation at 1.0 p.u. terminal volts. The variation in load voltage as the input power to the DSG varies is as shown in Figure 3 for the CONSTANT VOLTAGE exciter. As expected, the terminal voltage does not vary sensibly as a function of input power. However, the improvement in performance of the distribution system is because of the reactive power consumed or generated by the DSG. This reactive power results in inefficiencies within the generator, so that there would be a considerable loss of revenue to the owner of the DSG. Because of the decrease in terminal voltage and the increase in rate of reactive consumption, the induction generator was unable to supply power over the entire regime of system voltage. Its efficiency was reasonably good, however, while it was able to generate. These results are shown in Figure 8, In no case shown here does the DSG generate reactive power which increases as its real power increases. It had been thought that an ideal DSG would uaload the real and reactive components of load simultaneously, thereby producing a positive slope on the graph of Figure 9 . Such a generator was modelled by an exciter controlling the generator output power factor to be constant at 0.8, which is the same as the load power factor. The result was a voltage regulation with input power approximately three times worse than that of the unity power factor controller, about two percent.
DSG reactive demand as a function of system voltage is shown in Figure 10 , which shows that as the system voltage decreases below about 1.08 p.u., which is the voltage necessary to provide rated voltage at the load, the constant voltage and permanent magnet versions of the synchronous generator both generate reactive power so as to provide voltage support. The unity power factor and CEA controllers were modelled to consume reactive power independently of the system voltage, and the induction machine consumes more reactive power as the system voltage decreases. (This is, of course, exactly the wrong thing to do, and results in the inability of the induction generator to provide full power output at low system voltages.) The variations in reactive demand seen for the compensated CEA inverter, and the difference between the compensated induction machine and the uncompensated induction machine, is due to the fact that the reactive power produced by the compensating capacitor is itself a function of system voltage.
SUMMARY
Many of the DSGs studied have some undesirable properties when operated in parallel with the distribution system. Sometimes the system suffers from some adverse aspect of the interaction, sometimes the DSG. Thus, the CONSTANT VOLTAGE synchronous machine draws so much reactive power when the system voltage changes that its efficiency suffers. In addition, if the terminal voltage increases the exciter voltage will decrease, and can limit the power transfer capability of the machine.
Ihe UNITY POWER FACIOR CONIR(LLER results in voltage variations with input power. In this regard, this kind of exciter is the worst of all the types examined.
The CONSTANT EXCITATION machine causes moderate voltage changes with input power, and can cause voltage changes when synchronizing, depending on the value of terminal volts before connecting.
Both INDUCION machines (UNCOMPENSATED and COMPENSATED) resulted in quite poor voltage regulation as the input power changed, in addition to which the power factor correcting capacitor caused a voltage jump when connected.
The large reactive demand of the SIMPLEST CEA inverter resulted in a voltage dip when the generator was connected, most of which disappeared as the DSG approached full power.
The OPTIMIZED CEA inverter, which used a tap-change transformer to reduce the reactive demand as the available power decreased, had very little impact when connected.
Interestingly, it also had little impact on voltage as its power output changed.
The same was true of the COMPENSATED CEA inverter, except that the compensating capacitor caused a voltage jump as it was connected. All of the other DSGs resulted in a system power factor which was more or less independent of the system voltage.
The DSG which had the least impact on voltage, either as it was connected or when its input power varied, was the optimized EA inverter, which was modelled to have constant (lagging) power factor.
The reason that this performed so well as far as terminal voltage is concerned is clear. As it is synchronized at low power, it consumes or generates only a small amount of reactive power. As the power output increases, which might cause a rise in voltage, the reactive demand increases and compensates for this effect.
The power factor in this case was about 0.9 lagging. It seems likely that the value of power factor at which the load voltage will change least will depend on the load (whose power factor will itself change with DSG penetration level) and the system impedance. Nonetheless, it is interesting that this is bound to be a lagging power factor.
In this study we have neglected transient effects, such as starting current inrush into the induction machines. Consideration of such transients would have further complicated an already involved situation. It must be acknowledged, however, that many kinds of DSG can cause startup transients, and these also must be limited.
It is our feeling that any DSG which draws little reactive power as it is synchronized and operates-at a slightly lagging power factor will have minimum impact on load voltage, and could operate without system-coordinated voltage control.
